Background: Caveolin-1 plays important roles in the regulation of diverse cellular responses. Results: Caveolin-1 knockdown reduced osteoclastogenesis in vitro, and caveolin-1 knock-out resulted in an increased and decreased osteoclastogenesis in male and female mice, respectively. Conclusion: Regulation of osteoclastogenesis by caveolin-1 was dependent on sex. Significance: This indicates a complicated, but critical, role of caveolin-1 in the regulation of bone metabolism.
Bone homeostasis is maintained by the balanced activity of bone-resorbing osteoclasts (OC) 3 and bone-forming osteoblasts (OB) during bone remodeling, a physiological process of bone turnover. These two cell types are derived from different origins of stem cells via multiple steps governed by differentiation factors. The differentiation of OC from monocyte/macrophage lineage precursor cells requires two major cytokines, macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear factor B ligand (RANKL). M-CSF supports survival and proliferation of cells during osteoclastogenesis, although RANKL drives the differentiation program. RANKL interaction with its receptor RANK evokes recruitment of tumor necrosis factor receptor-associated factor 6 to assemble signaling molecules that are required for the activation of mitogen-activated protein kinase signaling pathways (1, 2) . RANKL also stimulates the calcium signaling pathway and NFB and c-Fos transcription factors (2) (3) (4) . Ultimately, these signaling pathways are integrated by nuclear factor of activated T cells c1 (NFATc1), the transcription factor regarded as a master regulator of osteoclastogenesis, for the expression of osteoclast marker genes such as tartrate-resistant acid phosphatase (TRAP) (5, 6) .
Lipid rafts are membrane microdomains that consist of cholesterol, glycosphingolipids, and glycosylphosphatidylinositolanchored proteins (7, 8) . These microdomains have been implicated in the regulation of various cellular functions. In particular, lipid rafts in the plasma membrane serve as the organizing center for assembly of signaling molecules that respond to extracellular stimuli. Caveolae, a specialized type of lipid rafts, are 50 -100-nm flask-shaped cell-surface membrane invaginations (9) . Like lipid rafts, caveolae have important roles in diverse cellular functions, including endocytosis and signal transduction (10, 11) .
Caveolin, a component of caveolae together with cholesterol and sphingolipids, has three isoforms: Cav-1, Cav-2, and Cav-3 (10, 12, 13) . Cav-1 and Cav-2 are present in various cell types and are most abundant in epithelial cells, fibroblasts, adipocytes, and enthothelial cells (12, 14 -17) . Cav-3 expression is restricted to muscle cells (13) . Cav-1 has been most extensively studied and suggested to be an essential component for the membrane microdomain stability and signal transduction. The receptors for which signaling is regulated by caveolae include G-protein-coupled receptors, nonreceptor tyrosine kinases, ion channels, Toll-like receptor 4, and the T cell receptor (18 - 22). The relationship between caveolin and estrogen receptor ␣ (ER␣) signaling has also been a subject of great interest. Although potentiation of ER␣ signaling by the interaction of Cav-1 with ER␣ was reported (23), other investigators found inhibition of estrogen signaling by the interaction (24) . As ER␣ is an important regulator of differentiation, activation, and survival of both osteoclasts and osteoblasts (25) (26) (27) (28) (29) (30) (31) (32) , critical involvement of Cav-1 in bone cell regulation may be projected. We found that Cav-1 was greatly increased by RANKL during osteoclastogenesis. Cav-1 knockdown using siRNA evidently inhibited the differentiation of OC and the induction of c-Fos and NFATc1 by RANKL. However, osteoclastogenesis and bone metabolism were differentially affected by in vivo Cav-1 deficiency between male and female mice.
MATERIALS AND METHODS

Mice-Cav-1
Ϫ/Ϫ mice in the C57BL/6 background were purchased from The Jackson Laboratory and backcrossed with wild type C57BL/6 for more than six generations. The heterogenic mice were mated, and littermates were used for experiments. Animal experimental protocols were approved by the Committee on the Care and Use of Animals in Research at Seoul National University.
Reagents and Antibodies-Anti-NFATc1 and anti-c-Fos were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Cav-2 was purchased from Abcam (Cambridge, UK). All other antibodies were purchased from Cell Signaling Technology (Beverly, MA). Lipofectamine 2000 was purchased from Invitrogen. Human soluble RANKL and M-CSF were from PeproTech (Rocky Hill, NJ).
In Vitro Osteoclast Differentiation-Bone marrow-derived macrophages (BMMs) were generated using long bones from 5-week-old female ICR mice and from 8-week-old WT and Cav-1 Ϫ/Ϫ male and female mice. Flushed bone marrow cells were plated with ␣-minimum Eagle's medium to remove adherent cells. The next day, nonadherent cells were transferred to new dishes and cultured in ␣-minimum Eagle's medium with M-CSF (30 ng/ml) for 3 days. Cells at this stage (BMMs) were used for osteoclastogenesis by culturing with M-CSF (30 ng/ml) and RANKL (200 ng/ml) for 4 days.
RT-PCR and Real Time PCR-Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions, and cDNA synthesis was carried out using SuperScriptII reverse transcriptase (Invitrogen). PCR was performed with target gene-specific primers listed in Table 1 . Real time PCR was performed with an ABI 7500 instrument (Invitrogen) for 40 cycles with SYBR Green Master Mix. Gene expression was calculated using the 2 Ϫ⌬⌬CT method and normalized to the level of ␤-actin. All samples analyzed in Fig. 1B were harvested at the same time (at day 3), and ␤-actin mRNA was stable in our experimental conditions.
Western Blotting-Cells were washed with cold PBS and lysed in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM PMSF, proteinase inhibitor mixture (Roche Applied Science), 100 mM sodium vanadate, 0.5 M sodium fluoride). After protein quantification, cell extracts were separated on polyacrylamide gel and transferred onto nitrocellulose membrane. After blocking with 5% skim milk in TBS-T, membranes were incubated overnight with primary antibody at 4°C. Membranes were washed and incubated with HRP-conjugated secondary antibody, and the immune complexes developed were detected using enhanced chemiluminescence reagents.
In Vitro TRAP Staining-Cells were fixed in 3.7% formaldehyde solution and permeabilized with 0.1% Triton X-100. After washing with PBS, cells were stained using the leukocyte acid phosphatase assay kit (Sigma) following the manufacturer's instruction. TRAP-positive multinuclear osteoclasts containing three or more nuclei were counted under a light microscope.
In Vitro Resorption Pit Formation Assay-BMMs were cultured on dentin slices for 9 days in the presence of M-CSF and RANKL. After removing the cells by sonication, dentin slices were stained with hematoxylin and observed under a light microscope.
Gene Knockdown by Small Interfering RNA (siRNA)-Targetspecific 21-mer nucleotide siRNA and control siRNA were purchased from Invitrogen. BMMs were transfected with siRNA (40 nM) using Lipofectamine 2000 (Invitrogen) following the manufacturer's instruction. At 2 days after transfection, the expression level of protein or mRNA was determined.
Retroviral Transduction-Mouse Cav-1 gene was cloned into pMX-IRES vector. Retroviral particles were packaged by transfecting Plat-E cells with DNA plasmids using Lipofectamine 2000 according to the manufacturer's instructions. BMMs were infected with viral supernatants in the presence of Polybrene (10 g/ml) and M-CSF for 12 h.
Confocal Microscopy-Cells were fixed with 3.7% formaldehyde and permeabilized with 0.1% Triton X-100. Fixed cells were blocked with 1% BSA in PBS, incubated with primary antibody at room temperature for 1 h, and washed with PBS. Cells were then incubated with secondary antibody for 30 min and counterstained with 4Ј,6-diamidino-2-phenylindole. Cells were observed under a Zeiss LSM 5 PASCAL laser-scanning microscope (Carl Zeiss Microimaging GmbH, Goettingen, Germany) with an ϫ400 objective (CApochromat/1.2 WCorr).
Histology and Histomorphometry-Tibias from 8-week-old wild type (WT) and Cav-1 Ϫ/Ϫ mice (n ϭ 5 per group) were fixed in 4% paraformaldehyde and decalcified in 12% EDTA for 4 weeks. The tibias were then dehydrated in 70 -100% ethanol and embedded in paraffin. Sections of 5 m thickness were used for hematoxylin/eosin (H&E) and TRAP stainings. For von Kossa staining, undecalcified femurs were embedded in 
Sense TCTGGCACCACACCTTCTAC Antisense TACGACCAGAGGCATACAGG methyl methacrylate and sectioned into 5-m slices. Histomorphometric analysis was performed as described (33) using the Osteomeasure program (OsteoMetrics, Inc.).
Determination of C-terminal Peptide of Type I Collagen (CTX-I) and N-terminal Propeptide of Type I Collagen (PINP)-CTX-I levels in 8-week-old WT and Cav-1
Ϫ/Ϫ mice serum were measured using CTX-I and PINP ELISA kits (Immunodiagnostic Systems, Boldon, UK) following the manufacturer's instruction.
Calcein-Xylenol Orange Double Labeling-8-Week-old WT and Cav-1 Ϫ/Ϫ mice were injected intraperitoneally with calcein (25 mg/kg). After 7 days, 90 mg/kg xylenol orange was injected. Mice were sacrificed at day 10, and femurs were fixed and embedded in methyl methacrylate. Using an LSM5 PASCAL laser scanning microscope (Zeiss), sectioned femurs (5 m) were observed. The distance between calcein and xylenol orange deposition was determined from five different regions of an image using five slides per group. CT Analysis-Femurs of 8-week-old WT and Cav-1 Ϫ/Ϫ mice were analyzed by CT using SkyScan 1172 system (SkyScan, Aartselaar, Belgium; 40 Kv, 250 A, 7.61 pixel size). Results were obtained with 1-mm thickness area of distal femurs, starting from 0.7 mm below the growth plate at thresholds minimum 70 and maximum 255. Three-dimensional images were constituted using the CT-volume software.
In Vivo Calvariae Bone Resorption Model-Specific or control siRNAs (20 M; 30 l) were mixed with Lipofectamine 2000 (10 l) and injected onto 5-week-old female mouse (n ϭ 5 per group) calvariae three times with 2-day intervals. 1 day after the first injection, a collagen sheet soaked with RANKL (10 g) or PBS was implanted into the center of calvariae. At day 6, mouse calvariae were collected for TRAP staining and CT analyses (SkyScan; thresholds maximum 210 and minimum 100).
Statistical Analysis-All in vitro experiments were repeated at least three times. All quantitative experiments were performed at least in triplicate. Student's t test was used to determine the significance between the two groups.
RESULTS
Cav-1 Expression Was Induced by RANKL during Osteoclastogenesis-
In a microarray analysis to discover new genes involved in the regulation of osteoclast differentiation, we found that the Cav-1 mRNA level was increased by RANKL (data not shown). We next analyzed the expression level of all isotypes of caveolin by real time PCR. The mRNA level of Cav-1 was strongly increased at day 1 after RANKL treatment and maintained at high levels for 3 days during RANKL stimulation (Fig. 1A ). Cav-2 mRNA level was slightly increased at day 3 after RANKL treatment. RT-PCR analysis also showed the same expression pattern of caveolin gene family (Fig. 1B) . Cav-3 mRNA was not detected. Next, we determined protein levels of Cav-1 and Cav-2 during RANKL-mediated osteoclastogenesis. As shown in Fig. 1C , both Cav-1 and Cav-2 proteins were induced by RANKL. The up-regulation of Cav-1 protein was earlier and stronger than Cav-2. Because caveolins are components of caveolae, a special microdomain in the plasma membrane, we investigated whether Cav-1 localizes to plasma membrane microdomains. Immunostaining with a Cav-1-specific 
Caveolin-1 Regulates Osteoclastogenesis
antibody showed that Cav-1 expression was induced by RANKL in pre-fusion OC and mature OC. Moreover, Cav-1 was localized with FITC-conjugated cholera toxin B subunit that stained plasma membrane microdomains (Fig. 1D) . These results indicate that Cav-1 is induced by RANKL and may play a role as a component of membrane microdomains in pre-fusion OC and mature OC.
RANKL-induced Osteoclastogenesis Was Attenuated by Cav-1 Silencing-To define the role of caveolin family during osteoclastogenesis, we designed siRNA oligonucleotides against Cav-1 and Cav-2. BMMs were transfected with scrambled or isotype-specific caveolin siRNA. Knockdown of Cav-1 strongly inhibited the formation of OC (Fig. 2A) . The resorption of dentin slice was also reduced by Cav-1 knockdown (Fig.  2B) . The induction of NFATc1 and c-Fos is essential for OC differentiation by RANK (2, 3) . The RANKL-induced NFATc1 and c-Fos expression was attenuated by Cav-1 silencing in BMMs (Fig. 2C) . It has been reported that the Cav-2 expression is regulated by the presence of Cav-1 (34) . Consistent with the previous report, we observed that both mRNA and protein levels of Cav-2 were reduced in Cav-1 knockdown BMMs (Fig.  2D) . To examine whether the decreased osteoclastogenesis from Cav-1 knockdown BMMs was influenced by the accompanying reduction in Cav-2, we directly silenced Cav-2 and assessed the osteoclastogenic potential. Unlike Cav-1 siRNA, Cav-2 siRNA did not alter formation of OC or induction of NFATc1 and c-Fos (Fig. 2E) . These results suggest that Cav-1 is the major caveolin involved in the regulation of osteoclastogenesis.
Cav-1 Knockdown Reduced Osteoclastogenesis and Bone Resorption in Vivo-
We next examined whether the anti-osteoclastogenic effect of Cav-1 siRNA could be confirmed under in vivo conditions. To this end, PBS-or RANKL-soaked collagen sponges were implanted onto mice calvariae that received FIGURE 2. Cav-1 knockdown in female BMMs inhibited RANKL-induced TRAP-positive OC formation. A, Cav-1 knockdown was performed in BMMs by siRNA transfection. Cells were further incubated with M-CSF (30 ng/ml) and RANKL (200 ng/ml) for 4 days and stained for TRAP activity. B, BMMs transfected with siRNA were plated on dentin slices and cultured with M-CSF (30 ng/ml) and RANKL (200 ng/ml) for 9 days. The resorption pits were visualized by hematoxylin staining after removing the cells. The resorbed area was measured by densitometry using ImageJ. C, BMMs transfected with siRNA were cultured with M-CSF (30 ng/ml) and RANKL (200 ng/ml) for the indicated days. NFATc1 and c-Fos levels were determined by Western blotting. D, Cav-1-or Cav-2-silenced BMMs were further incubated with M-CSF (30 ng/ml) and RANKL (200 ng/ml) for 2 days. Protein and mRNA levels of Cav-1 and Cav-2 were analyzed by Western blotting and RT-PCR. E, Cav-2-silenced BMMs were incubated with M-CSF (30 ng/ml) and RANKL (200 ng/ml). After 4 days, cells were subjected to TRAP staining. After 2 days, protein levels of NFATc1, c-Fos, and Cav-2 were determined by Western blotting. *, p Ͻ 0.05 as compared with controls. Scr, control siRNA.
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injections of scrambled or Cav-1-targeted siRNA. In vivo knockdown was verified by RT-PCR (Fig. 3A) . The RANKL treatment induced Acp5 (TRAP) mRNA expression in vivo, and this induction was significantly attenuated by Cav-1 silencing (Fig. 3A) . When we stained the whole calvariae for TRAP activity, Cav-1 siRNA-injected mice showed a reduced TRAP-positive area (Fig. 3B ). In agreement with this result, CT analyses of the calvariae from Cav-1 siRNA-injected mice revealed a lower level of bone resorption compared with control siRNA-injected mice in response to RANKL (Fig. 3C) . Taken together, these results showed that Cav-1 silencing prevents RANKL-induced bone loss in mouse calvariae by inhibiting OC formation.
Cav-1-deficient Female Mice Are Osteopetrotic-Next, we characterized the bone phenotype of Cav-1 Ϫ/Ϫ mice. Femurs of 8-week-old female and male mice were subjected to CT analyses. There was no statistically significant difference in trabecular bone volume of metaphyseal areas between WT and Cav-1 Ϫ/Ϫ male mice (Fig. 4A) . In contrast, Cav-1 Ϫ/Ϫ female mice exhibited dramatically increased bone volume compared with wild type mice (Fig. 4A) . Consistent with this result, Cav-1 Ϫ/Ϫ female mice showed increased trabecular number and reduced trabecular separation. Trabecular thickness was not significantly different between WT and Cav-1 Ϫ/Ϫ mice (Fig. 4B) . For histological analysis, decalcified tibia sections were stained with hematoxylin/eosin and for TRAP activity. Stained bone slices revealed that osteoclast number was higher in Cav-1 Ϫ/Ϫ male mice (Fig. 5A) . BV/TV was increased in Cav-1 Ϫ/Ϫ female mice but not in Cav-1 Ϫ/Ϫ male mice (Fig. 5A ). All parameters related to OC (OC number (N.Oc/B.Pm), OC surface (Oc.S/ BS), and eroded surface/BS)) were significantly increased in Cav-1 Ϫ/Ϫ male mice (Fig. 5B) . In striking contrast, female mice showed decreased N.Oc/B.Pm, Oc.S/BS, and eroded surface/BS in Cav-1 Ϫ/Ϫ than in WT (Fig. 5B) . For OB-related parameters, OB number/B.Pm, and OB surface/BS were significantly increased in Cav-1 Ϫ/Ϫ male mice (Fig. 5C ). These OB parameters were not different between WT and Cav-1 Ϫ/Ϫ female mice (Fig. 5C ). Both CTX-I and PINP levels were increased in Cav-1 Ϫ/Ϫ male mice (Fig. 5D) . However, the serum CTX-I level was lower in Cav-1 Ϫ/Ϫ than in WT female mice, and PINP was not different between WT and Cav-1 Ϫ/Ϫ female mice (Fig. 5D) . Accordingly, in vivo calcein/ xylenol orange labeling experiments showed increased bone formation rate (BFR/BS), mineral apposition rate (MAR), and mineralized surface (MS/BS) of Cav-1 Ϫ/Ϫ male mice (Fig. 5E ). Female mice did not show a statistically significant difference in BFR, MAR, and MS/BS between WT and Cav-1 Ϫ/Ϫ (Fig. 5E ).
Cav-1 Ϫ/Ϫ Female BMMs, but Not Male BMMS, Have Defects in Osteoclastogenesis in
Vitro-As the number of OC on bone was observed to be affected by Cav-1 knock-out in different ways between male and female mice, we next compared the osteoclastogenic potential of BMMs from male and female Cav-1 Ϫ/Ϫ mice. In in vitro cultures, OC formation from BMMs of Cav-1 Ϫ/Ϫ male mice was greater than that from WT male mice (Fig. 6A) . In contrast, BMMs of Cav-1 Ϫ/Ϫ female mice showed a strong defect in RANKL-induced OC differentiation (Fig. 6B) . The induction of NFATc1 was also attenuated in BMMs from Cav-1 Ϫ/Ϫ female mice (data not shown). Whether this defect in osteoclastogenesis could be rescued by Cav-1 restoration was then tested. Cav-1 Ϫ/Ϫ female BMMs were infected with control (pMX) or Cav-1 (pMX-Cav-1)-containing retroviruses. As shown in Fig. 6C , Cav-1 overexpression increased TRAP-positive OC formation. The RANKL induction of NFATc1 was also restored by Cav-1 overexpression. To investigate a potential mechanism for the gender difference in the effect of Cav-1 deficiency, we next determined the protein levels of cFms (the receptor for M-CSF) and RANK in Cav-1
BMMs. In cells from male mice, the basal cFms levels, both at mRNA and protein, were higher in Cav-1 Ϫ/Ϫ BMMs than in WT BMMs (Fig. 6, D and E) . However, the expression pattern of RANK was not different between Cav-1 Ϫ/Ϫ and WT cells (Fig. 6, D and E) . In female mice, the RANK level was increased during osteoclastogenesis from WT BMMs, which was not observed in Cav-1 Ϫ/Ϫ BMMs (Fig. 6, D and E) . cFms expression was not altered both in Cav-1 Ϫ/Ϫ and in WT cells from female mice (Fig. 6, D and E) . These data suggest that Cav-1 deficiency affected the property of OC precursor cells in a manner dependent on the sex of mice.
DISCUSSION
Caveolin has been implicated in many disorders, including cancer, cardiac diseases, diabetes, and atherosclerosis (35-38). In vivo Cav-1 knockdown suppressed osteoclastogenesis and bone resorption. Control or Cav-1 siRNA was injected onto calvariae of 5-week-old female mice, followed by implantation of a collagen sheet soaked with PBS or RANKL. At day 6, mice were sacrificed. A, calvarial tissues were analyzed by RT-PCR. B, mice calvariae were stained for TRAP. TRAP ϩ area was measured by densitometry using ImageJ. C, calvariae were subjected to CT analysis. Three-dimensional images are shown. The resorbed area was measured by densitometry using ImageJ. n ϭ 5 per group. *, p Ͻ 0.005 as compared with controls. Scr, control siRNA; Cav-1, Cav-1 siRNA, The red box indicates the analyzed area.
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Our results obtained in this study suggest a link between caveolin and bone metabolism, adding another disorder to the list. Cav-1, a major structural protein of caveolin, was selectively induced at a great extent among three caveolin isoforms by RANKL (Fig. 1) . Despite the lower but constitutive presence of Cav-2 protein in OC precursors, in vitro knockdown of Cav-1 by using siRNA, but not that of Cav-2, led to a decreased potential of osteoclastogenesis (Fig. 2) . These results suggest a specific role of Cav-1 for the regulation of OC differentiation. The results of these in vitro siRNA experiments performed with BMMs from female ICR mice are consistent with the osteoclastogenesis data obtained with cells from female Cav-1 Ϫ/Ϫ mice (Fig. 6B) . Therefore, Cav-1 plays a positive role in OC differentiation of female mice.
Radiological and histomorphometric analyses of Cav-1 Ϫ/Ϫ mice in our study revealed that the regulation of bone cells, and consequently that of bone mass, was different between female and male mice. In 8-week-old Cav-1 Ϫ/Ϫ female mice, femoral trabecular bone volume was significantly higher with a lower number of OC in bone in comparison with WT control mice (Figs. 4 and 5) . As OB number and activity (BFR and MAR) were not different between Cav-1 Ϫ/Ϫ and WT (Fig. 5) , the osteopetrotic phenotype of female Cav-1 Ϫ/Ϫ mice could be attributed solely to decreased bone resorption by OC. Consistent with this, female Cav-1 Ϫ/Ϫ mice had lower CTX-1 level in the blood than WT mice (Fig. 5) . In a marked difference, male mice showed similar bone volume between Cav-1 Ϫ/Ϫ and WT (Fig.  4) . This indifference could be explained by a balanced stimulation of both OC and OB activities in Cav-1 Ϫ/Ϫ male mice as evidenced by bone sections from Cav-1 Ϫ/Ϫ mice displaying an increase in both OC and OB numbers and a higher BFR and MAR as compared with those in WT mice (Fig. 5) .
Some of our results are in agreement and disagreement with the data shown in some previous studies in which the effects of Cav-1 deficiency on bone were investigated (39, 40) . In the paper by Rubin et al. (39) , distal femur metaphysis of 8-weekold Cav-1 Ϫ/Ϫ male mice showed increased trabecular BV/TV with an apparently paradoxical decrease in MAR compared with WT mice. This increase in BV/TV was postulated to be due to increased bone formation by OB at an earlier stage (5 week). As histological analyses were not shown in this paper, we do not know whether the data on OC and OB numbers in femur sections of male mice were also different from our data. Although it is not easy to answer the question of why the data of femur trabecular BV/TV and MAR are in discrepancy between our work and that of Rubin et al. (39) , our CT BV/TV results are consistent with histology and MAR data. In vitro formation of OC from marrow cells of male mice was modestly increased in the study of Rubin et al. (39) , which is in agreement with our observations. As the female mouse bone phenotype was not analyzed in that study, we do not know whether the increased BV/TV of Cav-1 Ϫ/Ϫ female mice found in our study is also in discrepancy with their study. In another paper by Hada et al. (40) , in vitro osteoclastogenesis of precursor cells from Cav-1 Ϫ/Ϫ male mice was not significantly different from WT cells unless Cav-2 was additionally muted by siRNA. In that study, the Cav-1/ Cav-2 double-deficient cells showed increased osteoclastogenesis, leading to a suggestion that the Cav-1⅐Cav-2 complex may negatively regulate osteoclastogenesis. This result is also in disagreement with our data showing that Cav-1 deficiency was sufficient to increase osteoclastogenesis from male BMMs ( Our study clearly indicates that Cav-1 deficiency affected bone phenotype in a sex-dependent manner. What would be a potential mechanism for this difference between male and female mice in responding to Cav-1 gene deletion? Cav-1 has been suggested to regulate ER trafficking to cell membrane and estrogen-induced signaling processes (23, 24) . Estrogen has a proapoptotic effect on OC, and ER␣ deletion abrogates this effect in the female but not in the male (41) , suggesting more impact of ER␣ signaling in female OC. The expression levels of ER␣ and Cav-1 were similar between male and female OC in Ϫ/Ϫ mice were intraperitoneally injected with calcein followed by xylenol orange with a 7-day interval. Tibia were isolated at 3 days after final injection for von Kossa stain and confocal microscopy imaging. Quantitative analysis using the sections include the following: BFR/MS, MAR, and MS/BS. Fluorescence labels are indicated by arrows. n ϭ 5 per group. *, p Ͻ 0.05; **, p Ͻ 0.005 as compared with WT.
our study (data not shown). Therefore, it may be possible that Cav-1 deletion displayed the sex dichotomy in bone phenotype due to stronger dependence of estrogen signaling on Cav-1 in female mice. However, it is unreasonable to think that only a few factors are accountable for the sex-dependent bone phenotype of Cav-1 Ϫ/Ϫ mice. As Cav-1 is expressed in many cell types and more and more systemic factors are being discovered to influence bone cell regulation, it is likely that many factors that directly or indirectly affect bone cell responses are changed in the Cav-1 general knock-out mice used in our study. Nonetheless, it can be pinpointed that the sex dependence of Cav-1 Ϫ/Ϫ bone phenotype is associated with cell autonomous mechanisms. As shown in Fig. 6 , BMMs from male and female mice had contrasting osteoclastogenesis potential in vitro, and the expression patterns of c-Fms in BMMs and RANK in differentiating OC were dissimilar between males and females. Therefore, Cav-1 deficiency appears to drive changes in the characteristics of OC precursors in different ways between males and females.
In summary, our results demonstrate the importance of Cav-1-mediated processes in OC differentiation and subsequently bone homeostasis. Additionally, this study brings attention to the necessity of analysis for both sexes in studies on bone metabolism. Further investigations are required with bone cell type-specific Cav-1 knockouts to distinguish direct roles of Cav-1 in bone cells from the indirect effects of Cav-1 deficiency on bone metabolism. Molecular details on how Cav-1 regulates differentiation of OC and OB are also to be unraveled.
